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ABSTRACT
Fog is a multiphase dynamic system which can provide a setting for various physicochemical
processes affecting the fate of various organic pollutants such as polycyclic aromatic
hydrocarbons (PAH) and their oxygenated forms (oxy-PAH) in the atmosphere. This study
focuses on the processing of PAH and oxy-PAH during a smog-fog-smog cycle.
Two field campaigns were carried out during the winters of year 2010 and year 2011 in the
Central Valley of California, sampling two fog events in Fresno and five fog events in Davis. To
study the transformations and distributions of PAH and oxy-PAH, different atmospheric species
(fog water, gas phase, and particulate matter) were sampled. All the samples were extracted with
dichloromethane and were analyzed in a gas chromatograph coupled to a mass spectrometric
detector in a single-ion monitoring mode.
The pre- and post-fog PM2.5 samples showed a significant increase in the concentrations of most
of the oxy-PAH after the fog events, suggesting the formation of oxy-PAH during a fog event.
The PM2.5 samples collected continuously during a fog event showed a gradual decrease in the
concentrations of all the compounds indicating their influx to water. The analysis of fog water
samples and the particulate matter separated from them consistently displayed high
concentrations of oxy-PAH in fog water samples and high concentrations of PAH in fog water
particulate matter samples, indicating the possible formation of oxy-PAH in fog water by the
oxidation of PAH and also their dissolution into the fog water.
Fog water samples also revealed that as the fog formation starts the compounds are taken up by
the particle phase and are dissolved in the surrounding water. The PAH can oxidize to oxy-PAH
by a rate-limiting oxidation process acting on the particulate matter itself and the products can
get further dissolved in the fog water. The PAH present in the fog water can get converted to
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oxy-PAH in the fog water. Also, as the fog starts to dissipate the water in aquasols starts to
evaporate from the top, which makes the remaining fog water and the particulate matter more
concentrated with these compounds.

viii

CHAPTER 1
INTRODUCTION
Fog is a multiphase dynamic system which can provide a setting for various physicochemical
processes occurring in the atmosphere. These processes can physically and chemically alter the
fate of various chemical species present in the atmosphere essentially in the form of organic and
inorganic pollutants. Much research has been carried out in order to study the dynamics of
inorganic compounds in a fog setting, but the processing of organic compounds in fog is not well
understood.
Polycyclic aromatic hydrocarbons (PAH) are a major group of organic pollutants in the
atmosphere, and are of a great concern due to their detrimental effects on the environment and
human health. Their major sources involve anthropogenic activities such as industrial practices,
transportation, and household activities, and some natural phenomena such as volcanic eruptions
and forest fires (Nikolaou, Masclet et al. 1984). The study of the origin and fate of these PAH in
the environment is of critical importance since many of them are found to be carcinogenic,
mutagenic and teratogenic. This study focuses on the processing of the PAH and their
oxygenated forms (oxy-PAH) in the environment during a fog event, as the dynamics of these
organic pollutants in the foggy environment is still of a great interest. This chapter briefly
introduces the main concepts and terms used in this study.

1.1 PAH and Their Oxygenated Forms
PAH are abundantly found in soil as well as in fossil fuels such as crude oil, coal and tar.
Incomplete combustion of carbonaceous fuels is one of the major causes for the formation of
PAH. They are also found in food, especially grilled or barbecued meat and vegetables (Larsson,
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Sahlberg et al. 1983). PAH are formed by, as the name suggests, the combination of two or more
aromatic rings. They are exclusively a combination of carbon and hydrogen atoms and do not
hold any heteroatom (Fetzer 2007). Naphthalene is identified as the simplest PAH with two
benzene rings combined. Their classification and nomenclature are based on the number of
benzene rings fused to form a molecule. PAH are lipophilic, having a greater affinity towards
oils and organic compounds, which also signifies that they are less water soluble. The toxicity of
a PAH is greatly dependent on its structure (Shuttleworth and Cerniglia 1995), for example, non
planar PAH are found to be more toxic (Dabestani and Ivanov 1999).
PAH undergo photo-oxidation in the presence of oxygen and ultraviolet light to form their
oxygenated forms (Anastasio and McGregor 2001) termed as oxy-PAH. Some of these oxy-PAH
are found to be more harmful to human health and to the environment than their parent PAH
(Atkinson and Arey 1994; Vione, Maurino et al. 2006). Hence, it is important to study the
properties, formation and fate of oxy-PAH in the environment.
Oxy-PAH are formed by the degradation of PAH in the presence of a strong oxidizing agent such
as singlet oxygen. They are more polar compared to the PAH, due to which their mobility in the
environment increases and thus, they can readily spread via surface water and ground water
(Lundstedt, White et al. 2007).

1.2 A Smog-Fog-Smog Cycle
Fog formation is a widely observed atmospheric phenomenon which occurs when the difference
between the temperature and dew point drops below 5oC at about 100% relative humidity. Water
is present in the atmosphere in the form of moisture. When the air is saturated with moisture and
condensation nuclei are present, the water vapor in the form of moisture condenses on these
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nuclei at decreasing temperatures forming a near-surface cloud termed as a fog. The particles
present in the atmosphere such as dust, salt, ice act as nuclei, also called as cloud condensation
nuclei (CCN). In other words, a fog is an aerosol formed by the adiabatic cooling of water vapor
present in the atmosphere.
When fog combines with carbonaceous pollutants in the atmosphere, broadly referred to as
smoke, smog is formed. It is a type of air pollution which is essentially a consequence of
intensive industrial activities and also to some extent transportation activities. The chemical
processes taking place during a fog event lead to the formation of smog and the products formed
in the reactive setting of smog can enhance the aerosol burden in the atmosphere (Blando and
Turpin 2000).
Organic pollutants like PAH, generated by processes such as incomplete combustion of fossil
fuels, pesticides volatilizing from agricultural operations, domestic activities like cooking and
fire hearths, and present in the near-surface atmosphere tend to become concentrated during the
fog event by the various physicochemical processes occurring during the formation, progression
and dissipation of the fog. After the fog dissipates, these concentrated compounds along with the
newly formed products of these compounds redistribute themselves as secondary organic
aerosols in the near-surface atmosphere. These secondary organic aerosols can then act as active
cloud condensation nuclei promoting the future fog events. This is a typical smog-fog-smog
phenomenon observed in the lower atmosphere.
Numerous studies have been carried out on the processing of the common inorganic pollutants
found in the atmosphere, including SO2, NOX, CO2, and NH3, but the information available on
the processing of organic pollutants in fog is still inadequate (Goldstein and Galbally 2007; Raja,
Raghunathan et al. 2008). It would, therefore, be both interesting and important to study the

3

processing of poly-aromatic compounds such as PAH and oxy-PAH and to observe the possible
pathways followed during their transformations in a dynamic system like the smog-fog-smog
cycle, and that is the objective of this research.

1.3 The Scope of This Study
1. Two field campaigns were carried out in California during the winters of 2010 and 2011 to
sample fog events.
2. Various samples representing different atmospheric species such as fog water (the liquid
phase), air (the gas phase), and particulate matter (the solid phase) were collected, essentially
before, after and during the fog events. The samples were collected continuously, each lasting a
short duration of 3-4 hours, except for the pre-, post- and non-fog event samples, which were of
longer durations.
3. All the samples were extracted with dichloromethane and were analyzed using a gas
chromatograph coupled to a mass spectrometric detector in a single-ion monitoring mode.
4. The chromatographic data obtained were evaluated to get the concentrations of select PAH
and oxy-PAH in the samples collected.
5. The results obtained were studied,
i. to observe the distributions of the poly-aromatic compounds under study in these samples
representing the different atmospheric phases,
ii. to see the changes in their concentrations during the progression of the fog event, and
iii. to gain insight into the possible pathways followed by these compounds during their
transformations in a fog cloud.
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CHAPTER 2
LITERATURE REVIEW
2.1 The Smog-Fog-Smog Cycle
Fog is a characteristic phenomenon observed in the lower atmosphere. The wet deposition of the
CCN present in the atmosphere leads to aerosol formation in the form of a fog cloud. This
aerosol setting provides a platform for various chemical and physical transformations of the
organic pollutants, in our case PAH, present in the atmosphere. These processes can lead to the
formation of many organic products and secondary organic aerosols (SOA) which disperse
themselves in the near-surface atmosphere as the fog dissipates (Sun, Zhuang et al. 2004; Altieri,
Carlton et al. 2006) and can act as active CCN for future fog formation. This recurring
phenomenon observed during the fog event is termed as the smog-fog-smog cycle (Munger,
Jacob et al. 1983).
Figure 2.1 displays the paths followed by organic pollutants in the atmosphere during their
processing in the fog event.

Figure 2.1: Chemical transformations during the smog-fog-smog cycle
5

Several field studies have been carried out in order to study this typical phenomenon of the
concentration of the organic pollutants in fog water during fog episodes in the U.S. Gulf Coast at
Baton Rouge, Louisiana, and Houston, Texas, and along the Pacific Coast at Fresno, California
(Collett, Moore et al. 2001; Raja, Ravikrishna et al. 2005; Raja and Valsaraj 2005; Chen,
Ehrenhauser et al. 2006; Vacha, Jungwirth et al. 2006; Herckes, Chang et al. 2007; Raja,
Raghunathan et al. 2008).
In addition to organic chemicals, various surfactants collectively termed as humic-like
substances (HULIS) were also identified in fog waters. It was also observed that they are capable
of changing the overall properties of the fog (Ellison, Tuck et al. 1999; Cappiello, De Simoni et
al. 2003; Zhang and Anastasio 2003; Latif and Brimblecombe 2004; Chen, Ehrenhauser et al.
2006). A significant number of organic compounds were found in interstitial air samples during
field observations carried out under another study (Raja, Raghunathan et al. 2008) but only a few
of them were observed in the fog water samples. It was observed that the fog water samples
contained numerous oxygenated compounds which could be oxidation products of the organic
compounds present in air. The few examples of the typical oxygenated products observed in the
fog water samples included 9H-fluoren-9one, 9,10-anthracenedione, 1,2-acenaphthenedione, and
1,8-naphthalic anhydride.
The organic pollutants under study, PAH and oxy-PAH, are of great concern as they can directly
and indirectly affect human health (McCrillis, Watts et al. 1992; Sasaki, Arey et al. 1995). These
organic compounds are either directly emitted into the atmosphere by natural or anthropogenic
sources or produced in the environment by various physicochemical and photochemical
processes taking place in the troposphere. Studies have been carried out with the simplest PAH
such as naphthalene (which has two benzene rings fused together), to investigate the reaction it
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undergoes when subjected to different conditions in an aerosol chamber. Naphthalene was
reported to produce oxygenated products and secondary organic aerosols (Dekermenjian, Allen
et al. 1999). It was observed that the reactivity of PAH is also dependent on the substrate on to
which they are adsorbed (Kamens, Perry et al. 1985; Birla and Kamens 1994; Fan, Kamens et al.
1996; McDow, Jang et al. 1996; Feilberg, Kamens et al. 1999; Gross and Bertram 2008).
Furthermore, the rate coefficients for PAH are affected by co-solutes, which can result in
changing the distributions of the products. The results also showed that some of these
photochemical transformations studied can produce compounds or by-products that can be more
dangerous to human health than their parent compounds (Kamens, Rives et al. 1984; Kamens,
Perry et al. 1985; Atkinson and Arey 1994; Eiguren-Fernandez, Miguel et al. 2008).

2.2 Oxidation Reaction Pathways in a Smog-Fog-Smog Cycle
There are several pathways the organic compounds may follow to undergo photochemical
reactions in fog during a smog-fog-smog cycle.
The organic compounds can undergo homogeneous oxidation reactions in the gaseous
atmosphere with species such as ozone, singlet oxygen, hydroxyl ion, and nitrate radicals in the
presence of UV radiations. The oxidation products formed can then dissolve in the surrounding
aquasols.
Alternatively, the organic compounds can adsorb on atmospheric particulate matter and then
undergo heterogeneous oxidation reactions in the presence of UV radiation and are then
dissolved in aquasols in the vicinity.
Finally, these organic compounds can become adsorbed onto the air-water interface of fog and
are then oxidized heterogeneously. Figure 2.2 shows the schematic of the possible oxidation
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reaction pathways followed by the organic compounds in a fog during a smog-fog-smog cycle in
the atmosphere.

Figure 2.2: Possible pathways of oxidation reactions during the smog-fog-smog cycle
(Kroll, Chan et al. 2007)

The reactions of organic compounds with ozone and other reactive oxidants present in the
atmosphere such as singlet oxygen, hydroxyl ion, and nitrate radicals essentially on atmospheric
aerosols, ice, and snow-packs have been studied (Faust 1994; Jacobson, Hansson et al. 2000;
Lintelmann, Fischer et al. 2005; Poschl 2005; Cao and Jang 2007; Carlton, Turpin et al. 2007;
Grannas, Bausch et al. 2007; Robinson, Donahue et al. 2007).
8

Studies have shown that the homogeneous reactions occurring in the gas phase are much more
rapid than the heterogeneous reactions taking place on the particulate matter present in the
atmosphere (Jacob 2000; Bertram, Ivanov et al. 2001; Ammann, Poschl et al. 2003; Eliason,
Gilman et al. 2003; Levitt, Zhang et al. 2007; McNeill, Wolfe et al. 2007). It has been observed
that some of these reactions with simple organic compounds such as benzene and naphthalene
occurring on solid particles can produce complex organic molecules, eventually leading to the
formation of secondary organic aerosols (Dekermenjian, Allen et al. 1999; Anastasio and
McGregor 2001; Takekawa, Minoura et al. 2003; MartÃ-n-Reviejo and Wirtz 2005; Jang,
Czoschke et al. 2006; Loeffler, Koehler et al. 2006; Rudich, Donahue et al. 2007; Voges, Stokes
et al. 2007). Photochemical transformations of the organic compounds into nitrogen compounds
have been extensively studied by using bulk fog water samples (Anastasio and McGregor 2000;
Zhang and Anastasio 2003). The studies have also been carried out to show that the air-water
interface is capable of supporting heterogeneous reactions at a rate faster than the rate of the
homogeneous reactions occurring in the gas phase (Raja and Valsaraj 2005; Kahan, Kwamena et
al. 2006; Nissenson, Knox et al. 2006). The surfactant films as well as the organic films at the
air-water interface have also been shown to support the higher rate of reactions of PAH with
oxidative species such as ozone and singlet oxygen in the presence of UV radiations (Anastasio
and McGregor 2001; Chen, Ehrenhauser et al. 2006). The experiments have been carried out by
generating thin water films in order to study the oxidation reactions of PAH at the air-water
interface in the presence of ozone and UV mediated singlet oxygen (Raja and Valsaraj 2005;
Chen, Ehrenhauser et al. 2006; Chen and Valsaraj 2007). These studies have also identified some
of the oxidation products of the common PAH such as naphthalene and phenanthrene as listed in
Table 2.1.
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Table 2.1: Oxy-PAH identified in thin water film reactors with reactive oxygen species that can
also be observed in the atmosphere (Raja and Valsaraj 2005; Chen, Ehrenhauser et al. 2006;
Chen and Valsaraj 2007)

Parent PAH

Oxidation products (oxy-PAH)

With singlet oxygen
With ozone
1,4-Naphthalenedione
1,4-Naphthalenedione
1-Naphthol
1-Naphthol
1,3-Indandione
1,2-Benzenedicarboxaldehyde
Naphthalene
Phthalide
Coumarin
1-Indanone
2-Naphthol
9,10-Phenanthrenequinone
9,10-Phenanthrenequinone
Phenanthrene
Fluorenone
9,10-dihydrophenanthrene
3,4-Benzocoumarin
1,1’-biphenyl2,2’-dicarboxaldehyde

Studies have shown that the PAH molecules are highly photo-reactive and the surface chemistry
was found to be largely influential to their photoreactivity (Faust 1994). The PAH are consumed
in the atmospheric gas phase in the course of their reactions with reactive oxygen species such as
ozone, OH, and NO3 (Finlayson-Pitts and Hemminger 2000). On the other hand, in an aqueous
medium such as a fog water droplet, oxidation reactions of PAH are observed to be dominated
by singlet oxygen, HO2, and NO3 radicals (Lam, Tantuco et al. 2003).
The PAH oxidation products include, nitro-PAH, quinines, alcohols, and ketones (Kamens, Guo
et al. 1988; Kamens, Karam et al. 1989; Atkinson and Arey 1994; Fan, Kamens et al. 1996;
Dekermenjian, Allen et al. 1999). It has been observed that in the foggy atmosphere, some of
these oxidation products can also result in secondary organic aerosol formation.

2.3 Proposed Pathways of PAH and Oxy-PAH Processing in Fog
Since the processing of organic compounds such as PAH and oxy-PAH in a fog cloud during the
formation and dissipation stages is not very well understood, and since a number of these
10

chemicals are detrimental to human health and the environment, it becomes important to study
the dynamics of these compounds in a smog-fog-smog cycle.
In order to gain an insight into the fate of large polycyclic aromatic hydrocarbons in a fog
setting, the samples representing various atmospheric species such as the fog water, the gas
phase, and the particulate matter were collected in accordance with the stages, namely, the
formation, progression, and dissipation of a fog event.
The transformations of PAH by oxidation reactions in various phases, formation of oxy-PAH,
and their distributions in these phases can be explained using a number of proposed pathways as
depicted in Figure 2.3.

Figure 2.3: Processing of PAH and oxy-PAH in fog
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In Figure 2.3 the blue arrows indicate mass transfer and uptake; the red arrows show reactive
transformations and the green arrows represent the loss processes as the fog dissipates. Also, the
suffix g represents the gas phase, s represents the solid phase in air, s,fw represents solids in fog
water, and fw represents fog water.
As the fog starts to form the PAH present in the gas phase begin to dissolve in the fog water as
shown by the path d. The PAH present on the solid particles in the atmosphere can undergo
oxidation (represented by the path a) to form oxy-PAH which can be further taken up by the
particle phase in fog water (the path b), or the PAH can also be taken up by the particle phase in
the fog water (as represented by the path c) as the wet deposition proceeds.
Now in the fog setting, the PAH adsorbed on the particle phase in the fog water can get dissolved
in the surrounding fog water droplets, as shown by the path f, or can undergo oxidation reaction
on the particulate matter itself (path e) to form the oxy-PAH which can then further get dissolved
in the surrounding fog water droplets as represented by the path g. The PAH present in the fog
water can undergo oxidation reaction to form the oxygenated products in the fog water as
represented by the path h in Figure 2.3.
As the fog starts to dissipate, the PAH present in the fog water droplets go into the gas phase as
the fog water evaporates (path j), the PAH which do not enter the gas phase can either get
deposited on the surrounding particulate matter (path k) or get wet deposited on the solid
surfaces such as the ground (path i). Similarly, the oxy-PAH in the fog water can get deposited
on the surrounding particulate matter as the fog dissipates (path l) and can also get wet deposited
on the ground.
As shown in the figure, path i can be followed by all the components present in the fog water and
in the particle phase of the fog water.
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In this research work, the particulate matter samples (represented by suffix s), the gas phase
samples (represented by suffix g) were collected before, during, and after the fog events. Also,
during the fog event fog water samples (represented by suffix fw) were collected and filtered to
obtain the particle phase (represented by suffix s,fw) present in the fog water samples. The
findings of the analysis of the data obtained from these samples to support the explanations of
the possible pathways followed by the PAH and oxy-PAH during a fog event are discussed in the
Results and Discussion chapter.
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CHAPTER 3
MATERIALS AND METHODS
Two field campaigns were conducted in order to collect the samples in various atmospheric
phases such as fog water, particulate matter, and gas phase. The places chosen for sampling were
essentially among the urban areas and are also part of the Central Valley of California. Fresno
represents the southern part of the valley (San Joaquin Valley) while Davis represents the
northern part (Sacramento Valley). The Central Valley often experiences events of thick ground
fog—locally termed as Tule fog—in winter, which is generally from the months of November to
March. The various samples collected during these sampling campaigns were then sent to the
laboratory for analysis.

3.1 Sampling Sites
The first sampling campaign was conducted in January 2010 in Fresno, California. The duration
of the campaign was of eight days starting on January 10, 2010. Two fog events were sampled
during this campaign. The site chosen for sampling was in the middle of Fresno city near
California State University at Fresno. The sampling instruments were set up on a small open land
where some agricultural activities such as fruit plant cultivation and apiculture were carried out.
The site was also close to one of the highways passing through the city. The exact location of the
Fresno sampling site is indicated by a red star in Figure 3.1.
The second campaign was conducted in January 2011 in Davis, California. It was a longer
campaign held between January 6, 2011 and January 25, 2011, capturing a total of five fog
events. The sampling site chosen at Davis was also close to a university area. The site was in the
vicinity of University of California, Davis, and close to one of the major highways passing

14

through the city, an interstate highway, and a small university airport. The site is indicated by a
red star in Figure 3.2 below.

Figure 3.1: Site Location at Fresno, California

Figure 3.2: Site Location at Davis, California
15

Since both the sites are situated amid the urban agglomeration neighboring university areas,
small scale agricultural lands, interstate highways and small domestic airports, high levels of air
pollution were anticipated.
The relative positions of the two sampling sites in the central valley are indicated in Figure 3.3.

Figure 3.3: Site Locations at Davis and Fresno in Central Valley of California

3.2 Sampling Methodologies
The samples were obtained in different atmospheric phases and for various time durations in
order to study the distributions of targeted pollutants such as PAH and their oxygenated forms
between these phases and also to study their transformations on a continuous time scale as the
fog event progressed. The samples are essentially divided into four categories as described
below:
1. Pre-fog sample: This sample is collected just before the start of a fog event. Typically a 6
to 8 hours long sample is collected when the fog gradually starts to develop.
2. Post-fog sample: This sample is collected right after the fog event has ended and the time
duration is generally 8 to 12 hours long.
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3. Fog samples: These samples are obtained during the main fog event. This is the only type
of sample where fog water samples are obtained along with particulate matter and gas
phase samples whereas for all other types only particulate matter and gas phase samples
are obtained. The fog samples were 3-4 hours’ duration, each.
4. No-fog samples: These are essentially samples collected for 12 hours each when there
was no fog event.
During the first campaign at Fresno, a total of three fog events were sampled. The fog water
samples obtained during the third fog event were of insufficient amount and could not be
analyzed in the laboratory. A total of 65 samples were collected during this campaign which
included 16 PM2.5 samples, 19 gas phase samples, 22 PM10 samples and 8 fog water samples.
A brief sampling overview of all the samples at the Fresno campaign is shown in Figure 3.4.
During the second campaign at Davis, a total of five fog events were captured. The first fog
event was the longest of all, producing seven fog water samples collected in 3 to 4 hours of time
slices. The remaining four fog events were short, giving one or two fog water samples in each
event. In this campaign 124 samples were obtained, including 36 PM2.5 samples, 36 gas phase
samples, 39 PM10 samples, and 13 fog water samples. A sampling overview of the Davis fog
sampling campaign is displayed in Figure 3.5.
All the samples were temporarily stored on-site in a refrigerator and then shipped to the LSU
laboratory for analysis.
The preparation, collection and analysis methodologies for each type of samples are explained in
the following section.
Table 3.1 shows the summary of the number of samples collected during the two fog sampling
campaigns.
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Figure 3.4: Sampling Overview of the Campaign at Fresno
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Figure 3.5: Sampling Overview of the campaign at Davis
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Table 3.1: Summary of Total Number of Samples Collected
Type of Sample

No. of samples collected at Fresno

No. of samples collected at Davis

[PM]2.5

19

36

[Air]

16

36

[Fog]W

8

13

[PM]Total

22

39

Total

65

124

3.2.1 Fog Water Samples
Fog water samples were collected in clean certified 500 mL amber glass bottles. During the
preparation phase, these bottles were labeled and weighed. All the weights were noted down to
account for the total weight of fog water sample collected in each bottle after the sampling.
These bottles were then appropriately packed and shipped to the sampling site.
On the sampling site, fog water samples were collected using a stainless steel Caltech Active
Strand Cloud water Collector (ss-CASCC). The ss-CASCC consisted of a fan fixed at one end of
a stainless steel rectangular prism (trough) which also housed a set of angled steel wires as
shown in Figure 3.6.
The fan draws air through the wire mesh where condensation of water, present in the air in the
form of aerosol, takes place by the mechanism of impaction. The condensate flows down the
mesh due to the slant and is collected in a sample bottle attached at the bottom of the groove.
During the fog event, samples were collected continuously, each lasting 3 to 4 hours depending
upon the intensity of the fog. When the visibility decreased to ~ 0.2 miles, the fog was
considered a thick fog. Before collecting the actual fog samples, the fog collector (ss-CASCC)
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Figure 3.6: A schematic of a stainless steel CASCC

was washed with de-ionized water (DI water) and the final washing was collected and stored as a
blank. The blanks were analyzed by using the same analytical techniques as those used for the
fog water samples. These blanks were used to account for possible contaminations from the fog
water collector.
In the laboratory, the stored fog water samples were first brought to room temperature and were
also sonicated to have a uniform composition. The sample bottles were weighed and before
performing further analysis, a mixture of internal standards such as 2-Fluorobiphenyl and
Perylene-d12 prepared in dichloromethane was added to the samples to account for all the losses
and errors during the analysis. The fog water samples were separated into two phases, the fog
water liquid phase and the fog water particulate matter phase. This was done by filtering them
through a 0.7 µm quartz fiber filter using vacuum filtration. The filtrates (fog water liquid phase)
were extracted in an organic solvent such as dichloromethane by liquid-liquid extractions in a
separating funnel. The extracted sample solutions were then concentrated using a Kuderna20

Danish apparatus and further concentrated to a factor > 10 (~200 µL of final volume) by blowing
them down under a stream of ultra-high pure argon gas. Finally, these concentrated samples were
then analyzed in a gas chromatograph (GC) instrument coupled to a mass spectrometric detector
(MSD).
The filters containing the particulate matter phase were thoroughly dried in an oven at about
50oC and then subjected to a solid-liquid extraction in a Soxhlet apparatus with dichloromethane
as an extracting solvent. A new tracer solution of Naphthalene-d8 and Decachlorobiphenyl,
prepared in dichloromethane, was added to the filters to account for the losses and errors during
the extraction. The extracted sample solutions were then analyzed in a GC/MSD by
concentrating them in Kuderna-Danish apparatus and further blowing them down to a factor >
10.
3.2.2 PM2.5 and Gas Phase Samples
The PM2.5 samples were collected on a 2µm PTFE 46.2 mm filters. Before the sampling
campaign, these filters were weighed individually and also as a pack of two. Since two filters
were used at a time in the sampler, packs of filters were prepared by wrapping two weighed
filters together in aluminum foil and labeling the pack appropriately.
The gas phase samples were collected in an XAD resin trap. In the preparation phase these XAD
traps were carefully prepared in the laboratory before shipping them to a sampling site. A
custom-made glass trap was used to fill with the XAD resin. First, these glass traps were
thoroughly cleaned with soap and tap water and dried, to make them free of grease and other
impurities. These dried traps were then subjected to acid treatment to remove all the inorganic
contaminants from the glass surface and then were thoroughly washed with de-ionized water.
Then the traps were given a methanol wash followed by a dichloromethane wash. After washing
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with dichloromethane the traps were given a heat treatment in an oven at 400oC for 5 hours. The
XAD resin was checked for its purity before pouring it into the trap. An XAD resin trap is
prepared by filling the trap with a weighed amount of XAD resin essentially in between plugs of
glass wool placed at the top and the bottom. The glass wool used was also pre-cleaned by heating
it into an oven at 400oC for 5 hours. A typical glass trap with XAD resin is shown in Figure 3.7.

Figure 3.7: Schematic of a typical XAD trap
The top of the trap was closed by a Teflon screw cap while the narrow bottom end was sealed
with a small square piece of a Teflon sheet and wrapped with a Parafilm seal. The trap was then
labeled and wrapped in an aluminum foil. An appropriate number of traps were similarly
prepared and shipped to the sampling sites.
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In the field, PM2.5 and gas phase samples were collected with the help of a URG2000 gas
sampler (URG Corp.). The sampler contained a train of a glass elutriator with an impactor plate
with a cutoff of 10µm at a flow rate of 10 liters per minute (lpm), a two stage filter setup (as
shown in Figure 3.8), a flow straightener followed by an XAD trap at the end.

Figure 3.8: Two stage filter pack in URG sampling train (Source: URG Corp.)

A schematic of the entire URG sampling train is depicted in Figure 3.9.
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Figure 3.9: A schematic of the URG sampling train

To collect the samples, the PM2.5 filters were removed from the aluminum wrap with the help of
forceps and were placed in the two-stage filter setup of the sampler train. The XAD trap was
attached at the end of the train by removing the screw cap and the Teflon seal at the other end.
The sampling train was then fixed at the end of the ss-CASCC with elutriator facing the fan to
capture the air which was in equilibrium with the fog water samples. At the end of the sampling,
the filters were removed and placed back into their original wrap while the trap was closed by
the same screw cap and new pieces of Teflon sheet and Parafilm seal. The samples were stored
in a freezer until further analyses in the laboratory.
Both of these samples were subjected to a solid-liquid extraction with dichloromethane as an
organic solvent. The PM2.5 filter packs and the XAD traps were weighed at the beginning of the
analysis. The PM2.5 filters were soaked in the solvent by adding a tracer solution of 2Fluorobiphenyl and Perylene-d12 for 12 hours and then sonicated. The extracted samples were
further concentrated to a factor > 10 by blowing them down under a stream of ultra-high pure
argon gas and then were analyzed in the GC/MSD instrument. The XAD resin in the traps with
the gas phase samples was simply washed three times with the solvent. A tracer solution was
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added to the traps before washing them with the solvent. The collected washings were
concentrated in a Kuderna-Danish apparatus and were further blown down to a factor > 10
before analyzing in the GC/MSD.
3.2.3 High Volume (PM10) Samples
These samples were collected on high volume glass microfiber filters (EPM2000) using the HiVol sampler. During the preparation phase the filters were baked in an oven at 400oC for 5 hours.
Then each of these pre-conditioned Hi-Vol glass microfiber filters was weighed, wrapped in
aluminum foil and weighed again. The weights and serial numbers of the filters were noted. The
filters were then packed and shipped to the sampling site.
The samples were collected continuously, each for a 12-hour duration by placing the Hi-Vol
filters in a Thermo-Anderson Hi-Vol sampler. Simultaneously, the flow rate of the air drawn by
the sampler was measured. After a sample was collected on a filter, the filter was immediately
wrapped in its original aluminum wrap and carefully placed in a zip-lock bag. The filters were
stored in a freezer until their extraction for laboratory analysis.
In the laboratory, the collected PM10 samples were subjected to a solid-liquid extraction with a
tracer solution of 2-Fluorobiphenyl and Perylene-d12 in a Soxhlet apparatus using
dichloromethane as an extraction solvent. Initially, contaminations of higher alkanes were
continuously detected in the blank runs. The main source for contaminations was determined to
be the cellulose thimbles as they can contain particular organic compounds which leach through
the paper (Nowicki, Kieda et al. 1979). Hence, glass thimbles were used for the extraction. The
extracts were then concentrated in Kuderna-Danish apparatus and further blown down to a factor
> 10 before analyzing them in the GC/MSD instrument.
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3.3 Summary of General Methodologies and Analyses
All the samples were extracted in dichloromethane (CAS No.75-09-2, Caledon Labs).
Dichloromethane is widely used as an organic solvent in environmental sample analyses because
of its low boiling point and ability to dissolve a wide range of organic components. Internal
standards such as 2-Fluorobiphenyl and Perylene-d12 were added to the samples before the
extractions to account for all the losses incorporated due the manual and instrumental errors till
the end of the analysis. 2-Fluorobiphenyl represents a group of high volatility components while
Perylene-d12 represents a group of high molecular weight, less volatile components. All the
sample extracts were subjected to a concentration step in a Kuderna Danish apparatus and further
concentration by evaporation under a UHP argon stream. At this point the samples were
analyzed in a Gas Chromatograph instrument (Agilent Technologies 6890N) coupled with a
Mass Spectrometric Detector (Agilent Technologies 5973Network) pre-calibrated in a SIM
(Single Ion Monitoring) mode. Using dilution series of standard solutions of the targeted
components (PAH and oxy-PAH).
Two separate gas chromatographic methods for analyzing PAH and oxy-PAH were developed.
Both the methods were similar in all respects except for their SIM parameters. The gas
chromatographic conditions and specifications used in the two methods are described below,
Injection Volume: 1 µL
Inlet Conditions:
Mode – Pulsed Splitless
Pulse Pressure – 25 psi,
Purge flow to split vent – 50 mL/min
Carrier Gas – Helium
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Temperature – 280oC, Pressure – 9.65 psi, Total Flow – 54.4 mL/min,
Column Specifications:
Mode – Constant flow
Model – Agilent 190915-433, 350oC max, HP-5MS: 0.25 mm × 30 m × 0.25 µm.
Pressure – 9.66 psi, Flow – 1 mL/min, Average velocity – 35 cm/sec.
Oven Conditions:

Table 3.2: Oven conditions used in gas chromatography
Ramp

o

C/min Next oC Hold Run Time

Initial

70

5.00

5.00

Ramp 1

4.00

280

30.00

87.50

Ramp 2

30.00

70

1.00

95.50

Post

70

95.50

MSD Conditions:
Temperature – 250oC
Make up flow – ArCH4
SIM Parameters:
In SIM mode, main ion fragment was monitored for each component under study. Table 3.3
shows the main ions monitored for select PAH and their retention times along with the two
tracers used, while Table 3.4 shows the main ions and retention times of all the oxy-PAH under
study.
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Table 3.3: List of PAH with their main ions and retention times
Name

Main ion

Retention Time (min)

Naphthalene

128

13.81

2-Fluorobiphenyl

172

20.19

Acenaphthylene

152

22.75

Acenaphthene

153

23.86

Fluorene

166

26.79

Phenanthrene

178

32.17

Anthracene

178

32.44

Fluoranthene

202

39.02

Pyrene

202

40.20

Benz[a]anthracene

228

47.28

Chrysene

228

47.50

Benzo[b]fluoranthene

252

53.13

Benzo[k]fluoranthene

252

53.26

Benzo[a]pyrene

252

54.64

Perylene-d12

264

55.02

Indeno[1,2,3-cd]pyrene

276

60.01

Dibenz[a,h]anthracene

278

60.30

Benzo[ghi]perylene

276

61.34
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Table 3.4: List of oxy-PAH with their main ions and retention times
Oxy-PAH

Main ion

Retention Time

Naphthalene-d8

136

13.75

1-Indanone

132

17.30

1,3-Isobenzofurandione (Phthalic acid anhydride)

104

18.57

1(3H)-Isobenzofuranone (Phthalide)

105

19.66

1,3-Indandione

146

19.85

2-Fluorobiphenyl

172

20.22

1,4-Naphthalenedione

158

21.70

2H-1-Benzopyran-2-one (Coumarin)

118

22.58

1-Naphthalenol

144

24.74

2-Naphthalenol

144

25.00

1-Acenaphthenone

168

27.71

1-Acenaphthenol

169

29.03

9H-Fluoren-9-one

180

29.16

9H-Fluoren-9-ol

181

31.18

1,2-Acenaphthylenedione (1,2-Acenaphthenedione)

126

31.28

1H-Phenalen-1-one (Phenalenone)

180

34.42

6H-Dibenzo[b,d]pyran-6-one (3,4-benzocoumarin)

196

35.35

Anthracene-9,10-dione (Anthraquinone)

208

36.60

1H,3H-Naphtho[1,8-cd]pyran-1,3-dione

154

37.10

2-Methylanthracene-9,10-dione

222

38.61

Phenanthrene-9,10-dione (Phenanthrenequinone)

180

41.63

7H-Benz[de]anthracen-7-one (Benzanthrone)

230

48.29

Pyrene-4,5-dione

204

49.19

Benz[a]anthracene-7,12-dione

258

50.13

Perylene-d12

264

55.10

Decachlorobiphenyl

498

55.39
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The chromatograms obtained by GC/MSD analyses were manually integrated and the values thus
obtained were used for the numerical evaluations.

3.4 Numerical Evaluations
In order to calculate the concentrations of PAH and oxy-PAH in the samples a step-by-step
numerical evaluation was performed as shown below.
Step 1: Integration of chromatograms
At the end of the GC/MSD analyses, chromatograms were generated for all the samples
analyzed. The component peaks were identified in these chromatograms based on their unique
retention times and also by adding a standard to one of the samples and comparing its
chromatogram to the others. After the peaks were identified, they were integrated by manually
drawing the base lines. The integrated areas for the peaks are automatically calculated by the
evaluation software of the GC/MSD system (Agilent Chemstation 2003).
Step 2: Numerical Calculations
The areas obtained from the integration were substituted in the respective calibration curve
equations and the concentrations thus obtained were divided by the factors by which the sample
extracts had been concentrated (the blow-down step and the Kuderna-Danish concentration step).
This gave the concentrations of the components in the sample extract. Dividing these values by
the weights of sample extracts gave the amounts of components in the respective samples. These
amounts were then expressed as concentrations by dividing them by the amount of fog water
collected for fog water samples, amount of particulate matter collected for the fog water
particulate matter samples, and the amount of air samples for the rest of the samples. The final
concentration units used for the various types of samples are shown in Table 3.5.
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Table 3.5: Types of samples and their concentration units
Type of Sample

Symbol

Concentration Unit

Fog water

CFW

ng.mL-1

Fog water particulate matter (CPM)FW

ng.mL-1

Gas phase

CAir

ng.m-3

PM2.5

CPM

ng.m-3

Hi-Vol.

CPM10

ng.m-3

The recoveries of the tracers were also incorporated in the final calculated concentrations.
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CHAPTER 4
RESULTS AND DISCUSSION
The processing of PAH and oxy-PAH in a foggy environment and their uptake by the different
atmospheric species such as the fog water, the particle phase in the fog water, and the particulate
matter present in this environment can take place in many different ways. The results obtained
from the analysis of these atmospheric species sampled before, during, and after the fog events
help us understand the possible pathways of PAH and oxy-PAH processing in a foggy
environment.
Table 4.1 lists all the PAH studied in this work along with their chemical formulae, structures,
molecular weights, and the abbreviations used throughout this chapter, while Table 4.2 lists all
the oxy-PAH considered in this study along with their chemical formulae, structures, molecular
weights and the abbreviations. Table 4.3 shows the select parent PAH and their known oxidation
products (oxy-PAH) which have been studied in this work.

4.1 Fog Events Data
This section discusses the findings of the analyses of the fog water, the particulate matter in the
fog water, and the PM2.5 samples from the different fog events sampled both at Fresno and
Davis.
4.1.1 Fresno Fog Events Data
4.1.1.1 First Fog Event at Fresno
The first fog event sampled at Fresno was on January 11, 2010 between 2:00 AM and 10:00 AM.
It was an early morning fog. During this fog event only one fog water sample was obtained along
with one 10-hour long pre-fog PM2.5 sample and one 9-hour long post-fog PM2.5 sample.

32

Table 4.1: List of PAH
Name of the
Component

Abbreviation

Chemical
Formula

Molecular
Weight

Naphthalene

NAPH

C10H8

128.17

Phenanthrene

PHEN

C14H10

178.23

Anthracene

ANTH

C14H10

178.23

Pyrene

PYR

C16H10

202.25

Acenaphthene

ACEN

C12H10

154.21

Fluorene

FLU

C13H10

166.22

Benzo[b]fluoranthene

B[b]F

C20H12

252.31

Benzo[a]pyrene

B[a]P

C20H12

252.31
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Structure

Table 4.2: List of oxy-PAH
Name of the
Component

Abbreviation

Chemical
Formula

Molecular
Weight

1-Indanone

INDN

C9H8O

132.16

Phthalic acid Anhydride

PhAnh

C8H4O3

148.12

Phthalide

PhTl

C8H6O2

134.13

1,4-Naphthalenedione

NAPHDione

C10H6O2

158.15

Coumarin

COU

C9H6O2

146.14

3,4-Benzocoumarin

BzCOU

C13H10O2

198.22

Phenanthrenequinone

PHENQ

C14H10O2

210.23

Anthraquinone

ANTHQ

C14H10O2

210.23

2-Methylanthracene9,10-dione

2MeANTHQ

C15H12O2

224.25

9H-Fluoren-9-ol

FLUol

C13H10O

182.22
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Structure

(Table 4.2 continued..)

9H-Fluoren-9-one

FLUone

C13H8O

180.20

1-Acenaphthenone

ACENone

C12H8O

168.19

1,2-Acenaphthenedione

ACENDione

C12H6O2

182.17

1,8-Naphthalic
anhydride

NAPHAnh

C12H6O3

198.17

Pyrene-4,5-dione

PYRDione

C16H8O2

232.23

Benz[a]anthracene-7,12dione

B[a]ADione

C18H12O2

260.29

Benzanthrone

Bzone

C17H12O

232.28

Phenalenone

Perione

C13H8O

180.20
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Table 4.3: the list of select PAH and their oxidation products
Parent PAH

Oxy-PAH

NAPH
INDN

PhAnh

PhTl

NAPHDione

PHEN
BzCOU

PHENQ

NAPHAnh

ANTH
ANTHQ

PYR

ACEN

2MeANTHQ

PYRDione

ACENone
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ACENDione

(Table 4.3 continued..)

FLU
FLUol

FLUone

Figure 4.1 displays the data obtained by analyzing these samples. The figure essentially has three
stacked graphs displaying the concentrations of PAH and oxy-PAH in three different phases
sampled.
The topmost graph shows the concentrations in the particle phase present in the fog water
sample. Two PAH, naphthalene and benzo[b]fluoranthene, six oxy-PAH, phthalic acid
anhydride,

1,4-naphthalenedione,

3,4-benzocoumarin,

anthraquinone,

9-fluorinone,

and

benzanthrone were detected in the fog water particle phase sample.
The middle graph shows the concentrations of the components in the filtered fog water sample.
Remarkably, all the oxy-PAH under study, except for 1,4-naphthalenedione, were observed in
the fog water samples in the concentration range of one order of magnitude higher than that
observed for the concentrations in the particle phase separated from the same sample. Also, all
the PAH, except for phenanthrene, were below detection limit in this sample.
The graph at the bottom displays the concentrations in the pre-fog and the post-fog PM2.5
samples. Three PAH and ten oxy-PAH were observed in these samples, out of which
naphthalene, phenanthrene, phthalide, 9-fluorinol, 1,8-naphthalic anhydride, pyrene-4,5-dione,
benz[a]anthracene-7,12-dione, and benzanthrone showed an increase in their concentrations after
the fog event.
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Figure 4.1: Data from the first fog event at Fresno, January 11, 2010

4.1.1.2 Second Fog Event at Fresno
Figure 4.2 displays the data obtained from the second fog event sampled at Fresno on January
14, 2010 between 8:40 PM and 2:50 AM the next day. A total of two fog water samples were
obtained during this nighttime fog event. The data is displayed in the same pattern as the first fog
event.
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The topmost graph in the figure displays the concentrations of the compounds in the fog water
particulate matter samples. Among all the PAH under study, only naphthalene and
benzo[b]fluoranthene were observed in both the particle phase samples, while pyrene and
benzo[a]pyrene were detected in the first sample collected during this fog event. Seven oxyPAH, namely, phthalic acid anhydride, phthalide, 3,4-benzocoumarin, anthraquinone, 9fluorinone, 1-acenaphthenone, and benzanthrone were observed in both of these samples.
Naphthalene, benzo[b]fluoranthene and all the seven oxy-PAH observed in these two
consecutive samples showed a distinct decrease in their concentrations; i.e., the concentrations of
these compounds in the first sample were higher than their concentrations in the second sample
collected successively.
The middle graph in Figure 4.2 displays the concentrations of the compounds in the fog water
samples. Four PAH, namely, naphthalene, phenanthrene, pyrene, and fluorine were observed in
both the samples, displaying the typical decrease in the concentrations in the second sample. All
the oxy-PAH considered, except for 1,4-naphthalenedione, were observed in these samples,
again noticeably in the concentration range of one order of magnitude higher than that of the
particle phase samples. Also, 1-indanone, phthalic acid anhydride, phthalide, coumarin, 3,4benzocoumarin, anthraquinone, 2-methylanthracene-9,10-dione, 9-fluorenol, 1,8-naphthalic
anhydride, pyrene-4,5-dione, benz[a]anthracene-7,12-dione, and phenalenone show distinctly
higher concentrations in the first sample than their concentrations in the successive second
sample.
The third graph displays the concentrations in the PM2.5 samples collected before and after the
fog event. Compounds like naphthalene, phenanthrene, benzo[b]fluoranthene, benzo[a]pyrene,
anthraquinone, 9-fluorenol, 1,8-naphthalic anhydride, pyrene-4,5-dione, benzanthrone, and
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Figure 4.2: Data from the second fog event at Fresno, January 14, 2010

phenalenone show a clear increase in the concentrations after the fog event; i.e., the post-fog
PM2.5 sample had higher concentrations of the above mentioned PAH and oxy-PAH.
Overall, in both the figures, it is observed that the oxy-PAH concentrations are higher in fog
water samples than in the particle phase in the same fog water. Also, the PAH show slightly
higher concentrations in the particle phase as compared to their concentrations in the fog water.
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It is also observed that, for both the fog events, the concentrations of most of the PAH and the
oxy-PAH in the post-fog PM2.5 samples are higher than their concentrations in the pre-fog
PM2.5 samples.
4.1.1.3 Meteorological Data for Fresno
Figure 4.3 illustrates the meteorological data for the sampling site at Fresno during the same
sampling period (January 10, 2010 – January 18, 2010). It includes the temperature and the
percent relative humidity along with the liquid water content in the atmosphere reported during
the sampling period. It also displays the concentrations of carbon monoxide, ozone, and nitrogen
oxides in the atmosphere reported at the sampling site during the sampling period.
In the graph of nitrogen oxides it is observed that for both the fog events sampled, nitrogen
oxides concentrations were high at the beginning of the fog events and low at the end of the fog
events. The exact opposite trend is observed for ozone, with low ozone concentrations at the
beginning of the fog events and high at the end of the fog events. This indicates the environment
was rich with oxidative species during the fog event. The carbon monoxide concentrations were
observed to be fairly the same before and after the sampling periods for both the fog events,
which also indicates that the same air mass had been sampled.
4.1.2 Davis Fog Events Data
A total of five fog events were sampled at Davis. The first fog event, sampled continuously on
January 15, 2011 and January 16, 2011, was the longest of all. During this first fog event a total
of seven fog water samples were obtained along with the PM2.5 samples taken simultaneously,
and the pre-fog and post-fog PM2.5 samples. Since it was the longest fog event which lasted
longer than a day, it will be interesting to see the changes in the concentrations of the PAH and
the oxy-PAH in the fog as the fog event progressed.

41

0.18

[ O 3 ] / ppm

[O 3 ]
[NO x]

0.16
0.14

0.03
0.12
0.10
0.02

0.08

[ NO x ] / ppm

0.04

0.06
0.01

0.04
0.02
0.00

0.00
2.5

[ CO ] / ppm

2.0

1.5

1.0

0.5

0.0
500
1400

[ LWC ] / mg.m

1200

-3

-3

400

1000
300
800
600

200

[ H2O ] / g.m

[LWC]
[H2 O]

400
100
200
120
0

0
65

100

80

55
50

60

[ T ] / °F

[ RH ] / %

60

45

40

40
20
1/10/10

1/11/10

1/12/10

1/13/10

1/14/10

1/15/10

1/16/10

1/17/10

1/18/10

Time

Figure 4.3: Meteorological data of the sampling site at Fresno, January 2010
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The data obtained from the continuous sampling of the first fog event at Davis will be discussed
separately in the next section (4.2) as it opens a completely different segment of discussion.
4.1.2.1 Second Fog Event at Davis
The second fog event at Davis was observed shortly after the first fog event, on January 17,
2011, between 12:47 AM and 6:02 AM. A total of two fog water samples were obtained during
this nighttime fog event along with the pre-fog and the post-fog PM2.5 samples. The data
obtained during this second fog event at Davis is shown in Figure 4.4.
The topmost graph in the figure displays the concentrations of the compounds found in the
particle phase separated from the two fog water samples of this fog event. All the eight PAH
considered in this study were observed in both the fog water particulate matter samples and
naphthalene and phenanthrene were observed to be at higher concentrations than all the other
PAH. Eight oxy-PAH, namely, phthalic acid anhydride, phthalide, 3,4-benzocoumarin,
anthraquinone, 9-fluorenone, 1-acenaphthenone, 1,8-naphthalic anhydride, and benzanthrone
were observed in these samples, among which phthalic acid anhydride and phthalide were found
at much higher concentrations than the rest.
The middle graph shows the concentrations of the compounds found in the filtered fog water
samples.

Several

PAH—phenanthrene,

anthracene,

pyrene,

acenaphthene,

and

benzo[b]fluoranthene—were observed at low concentrations as compared to the concentrations
of the oxy-PAH present in the samples. All the oxy-PAH under study, except for
phenanthrenequinone, pyrene-4,5-dione, and benz[a]anthracene-7,12-dione, were detected in
both the fog water samples.
Among the compounds observed in these fog water samples, a majority of oxy-PAH such as
coumarin, 3,4-benzocoumarin, anthraquinone, 1-acenaphthenone, 1,2-acenaphthenedione, 1,8-
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naphthalic anhydride, benzanthrone, and phenalenone show a distinct decrease in the second fog
water sample collected in succession with the first sample.
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Figure 4.4: Data from the second fog event at Davis, January 17, 2011

This decreasing trend was also observed in the second fog event at Fresno. Both of these fog
events took place at night. The absence of sunlight reduces the UV light-initiated reactions in the
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atmosphere. This could have possibly led to the slow decrease observed in the concentrations of
the oxygenated compounds, as the presence of UV light promotes the formation of reactive
oxidants in the atmosphere which are responsible for the oxidation reactions in the atmosphere
leading to the formation of most of these oxygenated compounds. Another reason for lowering
the concentrations of the compounds could be that the human activities such as transportation
which tend to generate these compounds are much reduced at night.
The graph at the base shows the concentrations of the compounds observed in the pre-fog and the
post-fog PM2.5 samples. All the PAH except anthracene were seen in these samples, among
which naphthalene and phenanthrene were observed at higher concentrations than the rest. 2methylanthracene-9,10-dione and phenalenone were observed at much higher concentrations
than 9-fluorenone. 1,4-naphthalenedione was observed to be below detection limit but it was
reported in the post-fog sample. All the compounds observed in these PM2.5 samples show an
increase in the concentrations after the fog event, as observed for all the previously discussed fog
events.
4.1.2.2 Third Fog Event at Davis
Figure 4.5 shows the data from the third fog event sampled at Davis between January 17, 2011,
at 8:57 PM and January 18, 2011, at 6:00 AM. It was a short fog event that occurred at night,
producing a single fog water sample.
The figure displays the three stacked graphs for the three different sample types. The topmost
graph shows the concentrations of compounds in the fog water particulate matter sample. All the
PAH were reported in this sample, among which naphthalene and phenanthrene were at higher
concentrations than the rest. Only five oxy-PAH, namely, phthalic acid anhydride, phthalide, 3,4benzocoumarin, 9-fluorenone, and 1-acenaphthenone were observed, where phthalic acid
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anhydride and phthalide showed high concentrations as compared to the other three oxy-PAH
found.
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Figure 4.5: Data from the third fog event at Davis, January 18, 2011

The concentrations of the compounds found in the filtered fog water sample of this fog event are
displayed in the middle graph. Only three PAH—naphthalene, phenanthrene and acenaphthene—
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were reported at very low concentrations as compared to the concentrations of the observed oxyPAH. All the oxy-PAH considered in this study, except for phenanthrenequinone, pyrene-4,5dione, and benz[a]anthracene-7,12-dione, were reported in the fog water sample. Phthalic acid
anhydride, phthalide, anthraquinone, and 1,8-naphthalic anhydride were present at higher
concentrations than the rest of the oxy-PAH in the sample.
The data for the pre-fog and post-fog PM2.5 samples are displayed in the bottom-most graph in
Figure 4.5. All the eight PAH under study were observed in both the samples, among which
naphthalene and phenanthrene showed higher concentrations. Only three oxy-PAH—2methylanthracene-9,10-dione, 9-fluorenone, and phenalenone—were observed in both the
samples, with 2-methylanthracene-9,10-dione and phenalenone in high concentrations. The
concentrations of all these prominent compounds were higher in the post-fog PM2.5 sample than
in the pre-fog PM2.5 sample.
4.1.2.3 Fourth Fog Event at Davis
The fourth fog event sampled at Davis was observed during the day time on January 23, 2011,
between 9:49 AM and 12:24 PM after four days of dry weather. Once again, it was a short fog
event, giving out only a single fog water sample along with the pre-fog and the post-fog PM2.5
samples. Figure 4.6 displays the data obtained from this fog event at Davis. The figure has the
same data display pattern as before with three stacked graphs representing the data obtained for
the three different sample types.
The concentrations in the fog water particulate matter sample are displayed in the topmost graph.
Except for benzo[a]pyrene, all the PAH were present in the sample. Naphthalene and
phenanthrene were observed at high concentrations. Only six oxy-PAH—Phthalic acid
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anhydride, phthalide, 3,4-benzocoumarin, anthraquinone, 9-fluorinone, and 1-acenaphthenone—
were observed in the sample.
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Figure 4.6: Data from the fourth fog event at Davis, January 23, 2011

The data of the filtered fog water sample is shown in the middle graph. Six PAH—naphthalene,
phenanthrene, pyrene, acenaphthene, fluorine, and benzo[b]fluoranthene—were observed at very
low concentrations as compared to the concentrations of the oxy-PAH observed in the same fog
water sample. All the oxy-PAH under study, except for 1-indanone, phenanthrenequinone,
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pyrene-4,5-dione, benz[a]anthracene-7,12-dione, and benzanthrone, were present in the sample.
Phthalic acid anhydride and 1,8-naphthalic anhydride were found to be at much higher
concentrations than the other reported oxy-PAH.
The graph at the base displays the concentrations in the pre-fog and post-fog PM2.5 samples. All
the PAH under study were reported in both the samples and they showed an increase in their
concentrations after the fog event in the PM2.5 sample. A few oxy-PAH, such as 1,4naphthalenedione, 2-methylanthracene-9,10-dione, 9-fluorenone, benzanthrone, and phenalenone
were observed in both the samples. All the oxy-PAH reported also showed the typical increase in
their concentrations in the post-fog PM2.5 samples.
4.1.2.4 Fifth Fog Event at Davis
The fifth fog event at Davis was observed on January 25, 2011, from 6:25 AM to 10:25 AM,
shortly after the fourth fog event. The fog event lasted for four hours in the morning, producing
two fog water samples of two-hour duration each. The pre-fog and post-fog PM2.5 samples were
also obtained. Figure 4.7 shows the data obtained from the fifth fog event at Davis.
The topmost graph in the figure shows the concentrations of the compounds in the particle phase
separated from the fog water samples. All the eight PAH considered in this study were reported
in these samples, where naphthalene shows the highest concentration of all. Some oxy-PAH,
such as phthalic acid anhydride, phthalide, 3,4-benzocoumarin, anthraquinone, 9-fluorenone, 1acenaphthenone, benz[a]anthracene-7,12-dione, benzanthrone, and phenalenone, were observed,
with phthalic acid anhydride showing the highest concentration.
The middle graph displays the concentrations of the compounds in the two fog water samples
obtained during this fog event. Only three PAH—naphthalene, phenanthrene, and
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acenaphthene—were detected in these samples and they showed very low concentrations
compared to those of the oxy-PAH found in the same samples.
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Figure 4.7: Data from the fifth fog event at Davis, January 25, 2011

All the oxy-PAH, except phenanthrenequinone, pyrene-4,5-dione, and benz[a]anthracene-7,12dione, were observed in the fog water samples. Compounds such as phthalide, 1,8-naphthalic
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anhydride, and phenalenone were found at higher concentrations. Majority of the oxy-PAH
reported showed higher concentrations in the second fog water sample collected in succession
with the first sample. Unlike the decreasing concentration pattern observed in the samples
collected during the two nighttime fog events (the second fog event at Fresno and Davis,
respectively) discussed earlier, the concentrations were observed to be increasing in this daytime
fog event. These fog water samples were essentially collected after sunrise. Hence, the presence
of UV light promoted the formation of oxidative species in the atmosphere causing the increase
in the concentrations of the oxygenated compounds. Also, during daytime, there is an increase in
vehicular traffic as compared to nighttime.
The data obtained from the pre-fog and post-fog PM2.5 samples are displayed in the graph at the
bottom of Figure 4.7. All the PAH under study were observed in these samples. Naphthalene and
phenanthrene were found to be at higher concentrations and showed an increase in the post-fog
PM2.5 sample. Seven oxy-PAH were reported as shown in the figure, among which 2methylanthracene-9,10-dione and phenalenone were at higher concentrations and they also
showed an increase in concentrations after the fog event.
Thus, the data pattern observed in all the fog events sampled in Davis is similar to the data
pattern observed for Fresno fog events. The concentrations of the PAH and the oxy-PAH
observed in the pre-fog and post-fog PM2.5 samples for all the five Davis fog events distinctly
show that for most of the components, the post-fog concentrations are higher than the pre-fog
concentrations. Also, most of the oxy-PAH have higher concentrations in the fog water samples
(the filtered liquid phase) than in the particle phase separated from these samples. And for most
of the PAH, the concentrations are higher in the particle phase than in the fog water.
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4.1.2.5 Meteorological Data for Davis
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Figure 4.8: Meteorological data of the sampling site at Davis, January 2011
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Figure 4.8 displays the meteorological data for the sampling site at Davis during the sampling
period. A similar trend—in the concentrations of ozone and nitrogen oxides—is observed here as
well, as seen in the meteorological data at the sampling site in Fresno. The nitrogen dioxide
levels are high at the start of the fog events and low at the end of the fog events, while ozone
levels are low at the beginning, and high at the end of the fog events, ensuring an oxidative
species rich environment. Also, the carbon monoxide levels appear fairly constant before and
after each of the fog sampling periods, indicating that the air mass was steady.

4.2 Fog Event Analysis with Time
4.2.1 Fog Water and Particulate Matter in Fog Water Samples
The first fog event sampled at Davis was 26 hours long, enabling the continuous collection of
seven fog water samples of 3 to 4 hours’ duration each. An adequate number of fog water
samples collected on a continuous time scale helps us observe the changes in the concentration
levels of the targeted compounds in the fog as the fog event progresses.
Figure 4.9 shows the changes in the concentrations of the PAH and the oxy-PAH during the
advancement of the fog event. The figure consists of three stacked graphs in which the sums of
the concentrations of all the targeted PAH and the oxy-PAH in each fog water sample and also in
the respective fog water particulate matter sample are plotted on a continuous time scale. The
graph at the base shows the concentrations of the PAH in the fog water samples while the middle
graph shows the concentrations of oxy-PAH in fog water samples and the topmost graph shows
the concentrations of both PAH and oxy-PAH in the particle phase separated from the respective
fog water samples.
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All the graphs in Figure 4.9 follow a similar trend. A slow decrease is observed in the
concentrations at the beginning of the fog event while towards the end of the fog event there is a
rapid increase in the concentrations. The graphs are also divided into daytime and nighttime
using dotted lines. The changes in the concentrations during daytime are distinct while at night
concentrations have been observed to either remain steady or decrease gradually. Again, this
could be due to the reasons discussed earlier, namely, the absence of UV light and reduced
human activities at night.
The increase in the concentrations of the components observed in the fog water and fog water
particulate matter samples towards the end of the fog event could be due to the fact that as fog
starts to dissipate water is evaporated from the top of the fog cloud leaving the organic
components (PAH and oxy-PAH) behind in the fog. Thus, the water present in the fog in the
form of an aerosol becomes more and more concentrated with these components towards the end
of the fog event. It must also be considered that the end of the fog event occurred essentially
during daytime, when the presence of UV light and increased human activities could have also
contributed to the increase in the concentrations of the compounds.
Also, when the fog dissipates the PAH and the oxy-PAH present in the fog water get deposited
on the particulate matter present in the surrounding. This can lead to an increase in the
concentrations of the PAH and the oxy-PAH in the particulate matter, as seen in Figure 4.9.
The graph of concentrations of the components in the fog water also shows that the
concentrations of the oxy-PAH in the fog water are much higher than the concentrations of the
PAH. Particularly towards the end of the fog event, the sum of concentrations of oxy-PAH is
about two orders of magnitude higher than the sum of concentrations of the PAH.
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Figure 4.9: Fog water and fog water particulate matter samples with time during the first fog
event at Davis, January 2011

This observation evidently suggests the possible formation of oxy-PAH during the fog event and
it is also coherent with the apparent increases observed in the concentrations of the oxy-PAH in
the post-fog PM2.5 samples.
4.2.2 PM2.5 Samples
The PM2.5 samples were collected continuously and simultaneously with the fog water samples
over the entire fog event along with the pre-fog and the post-fog samples. Figure 4.10 shows the
total concentrations of PAH and oxy-PAH in PM2.5 samples obtained during the first fog event
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at Davis. The concentrations of both PAH and oxy-PAH show a gradual decrease as the fog
event progresses.
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Figure 4.10: Concentrations of PAH and oxy-PAH in PM2.5 during the first fog event at Davis,
January 2011

The decrease in the concentrations of PAH and the oxy-PAH in the particulate matter can be due
to the fact that they dissolve in water which causes their transfer from particulate matter to the
surrounding water present in the form of an aerosol.
The data obtained from the pre-fog and the post-fog PM2.5 samples are displayed in Figure 4.11.
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Figure 4.11: PM2.5 data obtained before and after the first fog event at Davis
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The pre-fog and post-fog PM2.5 sample data pattern for this event is similar to that observed for
all the fog events discussed earlier. All the PAH under study, except for anthracene, were
reported in these samples. Naphthalene and phenanthrene were observed to be at higher
concentrations than the other PAH present in the samples and also showed an increase in their
concentrations after the fog event. Oxy-PAH such as 2-methylanthracene-9,10-dione, 9fluorenone, and phenalenone were detected in these samples. 2-methylanthracene-9,10-dione and
phenalenone were observed at high concentrations and also displayed a distinct increase in
concentrations in the PM2.5 sample collected after the fog event.
Table 4.4 displays the individual concentrations of all the PAH under study in the PM2.5
samples collected before, after, and during the first fog event at Davis, while Table 4.5 shows the
individual concentrations of all the oxy-PAH under study in the same samples.

Table 4.4: Concentrations (ng/m3 of air sampled) of the PAH in the PM2.5 samples for the first
fog event at Davis, January 2011
PAH

Prefog
PM2.5

PM2.5
1.1

PM2.5
1.2

PM2.5
1.3

PM2.5
1.4

PM2.5
1.5

PM2.5
1.6

PM2.5
1.7

Post-fog
PM2.5

NAPH

0.67

5.28

4.03

5.39

3.00

3.38

2.92

1.11

0.95

PHEN

1.14

8.20

7.62

9.76

5.57

5.47

5.99

2.25

1.73

ANTH

0.02

0.00

0.07

0.22

0.00

0.06

0.04

0.02

0.02

PYR

0.10

0.73

0.41

0.48

0.25

0.32

0.36

0.17

0.13

ACEN

0.20

2.23

0.83

1.37

0.66

0.73

0.80

0.26

0.23

FLU

0.08

0.88

0.58

0.64

0.31

0.40

0.43

0.17

0.13

B[b]F

0.67

0.32

0.26

0.42

0.18

0.25

0.31

0.09

0.08

B[a]P

0.02

0.38

0.15

0.21

0.06

0.18

0.13

0.07

0.05

Total

2.90

18.02

13.94

18.49

10.03

10.80

11.00

4.14

3.31
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It is observed that for all the compounds, the concentrations in the PM2.5 samples collected
during the fog events were fairly higher than in the PM2.5 samples collected before and after the
fog event. This observed difference of about an order of magnitude between the PM2.5 samples
collected in the presence of fog and in the absence of fog can again be explained by considering
the affinity of these organic compounds for water. The air sampled before and after the fog event
was much drier than the air sampled during the fog event when the relative humidity was 100%.
Hence, the PM2.5 filters, on which the samples were collected, were getting wet during the fog
event, increasing the capacity of these filters to absorb the organic compounds due to the
presence of water.

Table 4.5: Concentrations (ng/m3 of air sampled) of the oxy-PAH in the PM2.5 samples for the
first fog event at Davis, January 2011

oxy-PAH

Pre-fog
PM2.5

PM2.5
1.1

PM2.5
1.2

PM2.5
1.3

PM2.5
1.4

PM2.5
1.5

PM2.5
1.6

PM2.5
1.7

Post-fog
PM2.5

INDN

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

PhAnh

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

PhTl

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

NAPHDione

0.00

6.76

2.73

1.77

0.00

0.00

1.48

0.78

0.00

COU

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

BzCOU

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

PHENQ

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

ANTHQ

0.00

0.00

0.00

3.76

0.00

0.00

0.00

0.00

0.00

2MeANTHQ

2.09

19.77

17.95

22.32

14.25

13.66

14.93

5.36

3.68

FLUol

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

FLUone

1.34

0.13

0.19

1.07

0.00

0.14

0.42

0.43

0.15
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(Table 4.5 continued..)

ACENone

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

ACENDione

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

NAPHAnh

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

PYRDione

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

B[a]ADione

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

Bzone

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.30

0.00

Perione

1.62

24.76

15.32

16.74

12.96

11.96

12.35

4.56

3.01

Total

5.05

51.41

36.19

45.66

27.21

25.75

29.18

11.43

6.85

4.3 Processing of PAH and Oxy-PAH in Fog
The observations from the results of the analysis of the data obtained from all the fog events help
us understand the possible pathways, discussed earlier, of processing of PAH and oxy-PAH in a
fog cloud.
Reconsidering the schematic of processing of PAH and oxy-PAH in Figure 4.12.
As the fog formation begins, the uptake of PAH and oxy-PAH by the fog water particulate
matter occurs, represented by paths c and b. The PAH present in the particulate matter in the fog
water droplets can follow two prominent pathways as shown in the figure by paths e and f. Since,
the concentrations of the PAH in the fog water particulate matter samples were observed to be
higher than the concentrations of oxy-PAH in the same samples, the oxidation process denoted
by path e can either be less significant or be a rate-limiting precursor of path g. On the other
hand, the gradual decrease observed in the PAH concentrations in the fog water particulate
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matter implies that the PAH are dissolving in the fog water as the fog event progresses (path f).
Hence, for PAH in the fog water particulate matter, path f is possibly dominating over path e.
The lower concentrations of oxy-PAH in fog water particulate matter indicates that the transfer
of oxy-PAH from the particle phase to the fog water by dissolution (path g) can be a prominent
step.

Figure 4.12: Processing of PAH and oxy-PAH in fog

The higher concentrations of oxy-PAH observed in the fog water samples, compared to the
concentrations of PAH in the same samples, implies that the formation of oxy-PAH in a fog
water by the oxidation of PAH present in the fog water (path h) could be a significant process.
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This possibly significant step of the formation of oxy-PAH in fog water, denoted by path h,
followed by path l, where the oxy-PAH in the fog water gets deposited on the particulate matter
present in the surroundings as the fog starts to dissipate, can also be one of the reasons for higher
concentrations of oxy-PAH observed in the post-fog PM2.5 samples.

4.4 Ambient Air Quality Standards
In order to control air pollution, several National Ambient Air Quality Standards (NAAQS) have
been set by the United States Environmental Protection Agency (US EPA) under the Clean Air
Act. The maximum tolerable concentrations for several common inorganic pollutants such as
sulfur dioxide, carbon dioxide, nitrogen oxides, and lead have been well studied and set not only
by the USA but by many other countries in the world. Ambient air quality criteria for organic
pollutants such as PAH are not yet well defined. From the toxicology point of view,
Benzo[a]pyrene (B[a]P) is the most studied PAH. It is set as a marker for all the other PAH by
many countries due to its stability and relatively constant contribution to the carcinogenic
activity of particle-bound PAH. The maximum tolerable concentration of B[a]P in the ambient
air set by US EPA, India and the European Union (EU) is 1 ng/m3 of air.
Table 4.6 shows the concentration of B[a]P in each of the fog water sample and its concentration
in the air during the respective fog water sample calculated with the help of measured value of
Liquid Water Content (LWC). The bold values indicate the average concentration of B[a]P in
ambient air during each fog event sampled both at Fresno and Davis. All the averaged values of
B[a]P concentrations in ambient air were found to be much lower than the set standard value of 1
ng/m3 of air. The values in the Table 4.6 also indicate that the concentrations of B[a]P were
higher at Davis than at Fresno.
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Table 4.6: Concentrations of B[a]P in fog water samples and in the ambient air during the
sampling period
Fog Event

FW1.1
FW2.1
FW2.2

FW1.1
FW1.2
FW1.3
FW1.4
FW1.5
FW1.6
FW1.7
FW2.1
FW2.2
FW3.1
FW4.1
FW5.1
FW5.2

LWC
(mg/m3)
42.8423
Average
90.0571
121.8654
Average
4.2682
5.3866
4.3283
11.6024
57.9944
78.0872
14.8426
Average
4.4718
6.8715
Average
6.1934
Average
87.8251
Average
479.2512
147.9025
Average

B[a]P in fog water
(ng/mL)
Fresno
Below detection limit
Below detection limit
Below detection limit
Davis
Below detection limit
Below detection limit
0.0029
0.0041
0.0016
0.0037
0.0171
0.0263
0.0280
0.0056
0.0129
0.0069
0.0132
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B[a]P in air
(ng/m3)
Below detection limit
Below detection limit
Below detection limit
Below detection limit
Below detection limit
1.2762E-05
4.7168E-05
9.0540E-05
2.8543E-04
2.5421E-04
9.8586E-05
1.1768E-04
1.9254E-04
1.5511E-04
3.4925E-05
3.4925E-05
1.1312E-03
1.1312E-03
3.3276E-03
1.9452E-03
2.6364E-03

CHAPTER 5
CONCLUSIONS
The processing of poly-aromatic compounds (PAH and oxy-PAH) during an atmospheric
phenomenon such as a smog-fog-smog cycle was the focus of this research study. Two field
campaigns were successfully carried out during winter in years 2010 and 2011 in the Central
Valley of California, sampling two fog events in Fresno and five fog events in Davis. In order to
study the transformations and distributions of PAH and oxy-PAH, different atmospheric species
such as fog water, the gas phase, and the particulate matter were sampled.
All the samples were extracted with dichloromethane and were analyzed in a gas chromatograph
coupled to a mass spectrometric detector in a single-ion monitoring mode.
The results obtained by analyzing all these samples in various atmospheric species collected
continuously and simultaneously, each for a short duration, essentially before, during and after
the fog events, help us gain significant insights into the processing of the poly-aromatic
compounds under study in a complex system like a fog cloud.
The PM2.5 samples collected before and after the fog events showed a significant increase in the
concentrations of some of the PAH and most of the oxy-PAH after the fog events, suggesting
possible formation of oxy-PAH during a fog event. The PM2.5 samples collected continuously
during a fog event showed a gradual decrease in the concentrations of both PAH and oxy-PAH,
indicating that these compounds establish an influx to water from the particulate matter as the
fog event progresses.
The analysis of the fog water samples and the particulate matter separated from them
consistently showed the oxy-PAH to be more concentrated in fog water than in the particulate
matter. Also, most of the PAH were more significantly detectable in the fog water particulate
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matter than in the fog water samples. This indicated the possible formation of oxy-PAH in fog
water by the oxidation of PAH present in fog water and also their transfer from particulate matter
to the fog water by dissolution.
The study of the data obtained from the fog water samples collected continuously during the
longest fog event captured at Davis has considerably helped us in understanding the possible
pathways of PAH and oxy-PAH processing during a fog event. It can be concluded that as the
fog formation starts PAH and oxy-PAH are taken up by the particulate matter present in the fog.
Of these PAH and oxy-PAH present in the particulate matter, a significant portion gets dissolved
in the surrounding water phase. Some of the PAH can also get converted to oxy-PAH by a ratelimiting oxidation process on the particulate matter itself and these oxygenated products can then
quickly get dissolved into the water. A significant amount of the PAH present in the fog water
gets converted to oxy-PAH by oxidation process in the fog water. Also, as the fog starts to
dissipate the fog water present in the form of aerosol starts to evaporate from the top of the fog
cloud which increases the concentrations of these poly-aromatic compounds in the remaining fog
water and the particulate matter present in the fog water. The steady concentration of carbon
monoxide confirmed that the same air mass was sampled throughout sampling and the trends in
the concentrations of ozone and nitrogen oxide indicated a strong presence of oxidative species
during the fog events.
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